Fluorescent transcriptional reporters are widely used as signaling reporters and biomarkers to monitor pathway activities and determine cell type identities. However, a large amount of dynamic information is lost due to the long half-life of the fluorescent proteins. To better detect dynamics, fluorescent transcriptional reporters can be destabilized to shorten their half-lives. However, applications of this approach in vivo are limited due to significant reduction of signal intensities. To overcome this limitation, we enhanced translation of a destabilized fluorescent protein and demonstrate the advantages of this approach by characterizing spatio-temporal changes of transcriptional activities in Drosophila. In addition, by combining a fast-folding destabilized fluorescent protein and a slow-folding long-lived fluorescent protein, we generated a dual-color transcriptional timer that provides spatio-temporal information about signaling pathway activities. Finally, we demonstrate the use of this transcriptional timer to identify new genes with dynamic expression patterns.
Introduction
Changes in gene expression are one of the key mechanisms that organisms use during both development and homeostasis. Gene expression is a highly dynamic process, which not only bears critical information about regulatory mechanisms but also controls the fate of many biological processes 1, 2 . For example, oscillatory or constant expression of the Notch effector Hes1 dictates the choice of neuron stem cells between proliferation and differentiation 3 . In addition, defining the exact "on" and "off" timing of a relevant signal is vital to control different developmental events 4 . For example, during the development of fly compound eyes, simultaneous activation of EGF and Notch signals determines a cone cell fate 5 , while cells that experience sequential expression of EGF and the Notch-ligand Delta differentiate into photoreceptor cells 6 .
Documenting precisely the spatio-temporal changes in gene expression that occur in response to intrinsic and extrinsic signals is a challenging problem in cell and developmental biology. Traditionally, transcriptional reporters that drive expression of fluorescent proteins (FPs) under the control of signaling response elements (SREs) have been widely used to visualize the activities of transcriptional events; however, the slow degradation (half-life > 20 hr) of FPs makes it hard to achieve the temporal resolution needed to dissect the dynamic nature of gene expression. Recently, this problem has been addressed by the application of a fluorescent timer, a slow maturing fluorescent protein that changes its from blue to red in ~7 hr 7 . Despite the still relatively long conversion time, this fluorescent timer has two additional limitations: the signal is hard to fix for long-term storage, and because it can be photoconverted from blue to red, this timer only allows one single image and prohibits live-imaging application 8 . Another strategy is the development of a destabilized version of GFP with a half-life of ~2 hr, which is achieved by fusing GFP with a PEST peptide signal for protein degradation 9, 10 . However, despite many in vitro successes, this strategy has met a major limitation when applied in vivo due to substantial loss of fluorescent intensity. Therefore, regular stable FPs are still the primarily choice for generating transcriptional reporters to study gene expression patterns in vivo.
Here, we address this problem by using translational enhancers to boost production of the destabilized reporters and demonstrate the advantages of using short-lived FPs to study dynamic gene expression in vivo. In addition, we generate a transcriptional timer that can be readily applied to study spatio-temporal activation of signaling pathways. Finally, we document how this transcriptional timer can be used, either using the UAS/Gal4 system or in an enhancer trap screen, to identify genes with dynamic expression.
Results and Discussion
Current limitations of stable transcriptional reporters and challenges of the destabilization strategy. Matching reporter dynamics with the activity of target genes is essential to faithfully recapitulate signaling activities 4 . Two primary kinetic properties dictate reporter activities: the "switchon" and "switch-off" speeds. The "on" kinetic of FPs have been improved by engineering fast folding FPs, which shorten the maturation time of FPs from more than 1 hr to less than 10 min 11, 12 . The "off" kinetics of FPs has been improved from more than 20 hr to around 2 hr by fusing FPs with PEST peptides that promote degradation 9 (Fig. 1a) . Although the advantages of using a short-lived reporter have been previously reported 9 , a systematic analysis of the differences between long-lived and short-lived reporters is still lacking. Using a protein synthesis and degradation model ( Fig. 1-figure supplement 1a-c) , we first simulated the dynamics of the reporters and demonstrated a significant improvement by decreasing the half-life (Tp1/2) of the reporters from 20 hr to 2 hr (Fig. 1b-f) . Specifically, we illustrate this problem using simulated responses of FP reporters to four basic types of promoter activities: switch on, switch off, pulse activation, and oscillation. Compared to FPs with a half-life of 20 hr, FPs with a half-life of 2 hr have a 90% shorter response time (time to achieve 50% maximal intensity) during the "on" or "off" events, and up to four times larger dynamic range in the case of oscillatory expression ( Fig. 1 e,f, Figure
1-figure supplement 1a-c).
Although the destabilization strategy successfully leads to an FP with a shorter half-life, it is problematic as it causes significant loss of the signal (Fig. 1 g-i) . Thus, at constant expression, the intensity of the maximum signal is linearly proportional to the protein half-life, and decreasing the half-life from 20 hr to 2 hr causes a 90% signal loss (Fig. 1g, black curve) . The reduction of maximum signal intensity is also affected by different types of transcriptional activation. In the case of short pulsatile activation, a more transient activation (a shorter duration Td) is less sensitive to a reduction in the protein half-life ( Fig. 1g colored curves); however, transient activation also triggers weaker reporter activity, which makes it more vulnerable to intensity reduction.
We further analyzed the effects of reducing mRNA half-life (Tm1/2) compared to protein destabilization ( Fig. 1 h, i) . Measurements of Tm1/2 of FPs in the literature are highly variable, ranging from several minutes to hours [13] [14] [15] , which is probably due to differences in the 3' UTR used or different mRNA expression levels relative to the mRNA degradation machinery. According to our measurements (Fig. 2, figure supplement 1e), the Tm1/2 of FP reporters is about 0.5 hr. Therefore, we used 0.5 hr to 3 hr in our modeling. According to the model, the mRNA half-life significantly influences reporter intensity ( Fig.   1h) , which is approximately proportional to the Tp1/2* Tm1/2. In contrast, reducing mRNA half-life has much less effect on reporter response time, which is mainly controlled by Tp1/2 + Tm1/2 (Fig. 1i) . Because in our system, Tp1/2 is much longer than Tm1/2, shortening the mRNA lifetime will significantly reduce signal intensity without endowing the reporter with more range in dynamic detection. Therefore, we decided to primarily use destabilized FPs in our study. For a system with a large Tm1/2 relative to Tp1/2, strategies to shorten mRNA lifetime by addition of RNA destabilizing sequence can be used 16 .
Application of translational enhancers to rescue the signal loss caused by destabilization. The significant loss of signal limits implementation of the destabilization strategy, especially in systems like
Drosophila where a transgene is usually present in 1 or 2 copies per genome. To overcome this obstacle, we searched for ways to increase the signal of destabilized FPs. One possible solution is to use FPs with high intrinsic brightness. To test this, we used a fly codon-optimized sfGFP for its fast folding and bright fluorescence 11, 17 . The effectiveness of destabilization was first tested in cultured fly S2 cells. Adding the PEST sequence from mouse ornithine decarboxylase (MODC) effectively reduced the half-life of sfGFP to ~3 hr ( Fig. 2-figure supplement 1) . Next, to test the approach in vivo, we generated transgenic flies with destabilized sfGFP (dGFP) for two widely used signaling reporters: STAT (containing the STAT response element from Socs36E 18 ) and Notch (containing the Notch response element Su(H)Gbe 19 ). GFP signals were examined in tissues previously reported to show high STAT and Notch activities (embryo for STAT and wing imaginal disc for Notch). Destabilization reduced the signal intensity of these reporters to near background ( Fig. 2 a-c) . As further increasing the intrinsic brightness of FPs is challenging-even with the brightest FPs currently available the increase in signal intensity is still limited (less than two fold) 20 -we decided to test other strategies to increase the FP signal. One potential solution is to increase expression of the FP by expressing multiple tandem FPs 21, 22 . However, this strategy makes cloning cumbersome and may render the insertion unstable due to recombination. Thus, we instead decided to use translational enhancing elements that have been demonstrated to increase protein production from mRNA by up to 20 fold 23, 24 . These elements include a short 87-bp intervening sequence (IVS) from myosin heavy chain to facilitate mRNA export to the cytoplasm 24 , a synthetic AT-rich 21-bp sequence (s21) to promote translational initiation 23, 25 , and a highly-efficient p10 polyadenylation (polyA)
signal from baculovirus 26 . To test if these elements can be used to increase the reporter signals, we inserted the translational enhancing elements into reporter constructs containing dGFP (destabilized sfGFP) (Fig. 2a-c) . Transgenic flies were generated by phiC31-mediated site-directed integration into the same genomic locus (attP40) to avoid potential position effect 27 . Strikingly, the addition of translational enhancers successfully increased the reporter signal with an expression pattern similar to that of previously reported stable reporters (Fig. 2 a-c ) 19, 28 . We further measured the in vivo half-life of the dGFP in live tissues by blocking transcription with Actinomycin (10 μM) and monitored degradation of the GFP (Fig. 2d) . The result shows a reporter half-life (TGFP1/2 ~2.6 ± 0.3 hr) similar to what was observed in cultured cells (~3.7 ± 0.7 hr) (Fig 2. d-f; figure 2-supplementary 1e) . We also tested the absolute signal intensity of regular GFP with the translational enhancer (eGFP) and destabilized GFP with the same enhancer (edGFP). The total signal intensity from edGFP is about 8% of what is observed for eGFP, consistent with a 91% reduction in protein half-life.
Direct comparison between destabilized and stable reporters in live tissues. The effective increase of FP signal allows us to directly evaluate the activity of short-lived and long-lived traditional reporters. To achieve this, we generated a STAT::eRFP reporter with the same translational enhancing elements and inserted it into the same locus (attP40) (Fig. 3-supplementary 1a) . The activities of STAT::edGFP and STAT::eRFP reporters (as transheterozygotes) in developing embryos were examined under live imaging conditions (Fig. 3a) . Compared to the stable RFP, the destabilized reporter showed a transient increase in STAT activity in tracheal pits (Tp), pharynx (Pr), proventriculus (Pv), posterior spiracles (Ps), and hindgut (Hg) (Fig. 3a, figure 3 -supplementary 1b, Supplementary Video 1,2) 29 . To quantify the temporal changes of dGFP and RFP, the total fluorescent signals of both reporters were measured over time at the indicated region (arrowhead in Fig. 3a) ; the dGFP signal shows a definite improvement in response time (Fig. 3b) . Using the half-lives estimated from the in vivo measurement (2.1 hr for dGFP and 18.5 hr for RFP) (Fig. 3 -figure Supplement 1c-e) and the reporter synthesis and degradation model ( Fig. 1-supplementary 1) , we further estimate the actual transcriptional activity of the reporter, which happens at an earlier stage (~2 hr in advance of detectable dGFP reporter activity) (Fig. 3b) only the RFP signal is left (Fig. 4a) . Previously, ratiometric imaging of FPs based on their different properties, such as maturation time and sensitivity to specific ions, has been used successfully to measure protein life-time 31 , pH changes 33, 34 , and Mg 2+ concentration 35 . We reason that dynamic transcriptional activities might also be detected similarly using the ratio between dGFP and RFP.
To test this strategy in vivo in a multicellular tissue, we examined STAT activity in the larval optic lobe.
During development, STAT activity has been shown to act as a negative signal that antagonizes progression of the cell differentiation wave, which triggers the transition of neuroepithelial cells (NEs)
into neuroblasts (NBs) 36 . A stable STAT reporter shows the spreading of STAT activity within the neuroepithelial region, similar to what we observe with STAT::eRFP alone. In contrast, the signal from STAT::edGFP together with STAT::eRFP revealed a clear "green front" and "red rear" in the same region (Fig. 4b) . This dynamic pattern, with a higher STAT activity at the boundary between NEs and NBs, is consistent with previous proposed wave-like STAT activity that propagates from the lateral to medial region 36 . In addition, analysis of STAT::edGFP and STAT::eRFP in fixed larval optic lobes at different developmental stages further support this wave-like propagation model ( Fig. 4 
-figure Supplement 1a).
Another example of the dynamic information revealed by combining edGFP and eRFP is the expression of the Notch reporter in larval brain NBs. NBs undergo an asymmetric cell division to generate smaller progeny (Fig 4c) . Previous studies have shown that the Notch suppressor complex PON/Numb is preferentially localized to progeny cells 25, 26 and that ectopic activation of Notch generates a brain tumor phenotype attributable to excess NBs, suggesting that Notch activity is required for NB self-renewal 37 .
Strikingly, whereas the stable Notch reporter accumulates in both NBs and their progeny, the destabilized reporter is preferentially expressed in NBs ( Our data suggest that combining edGFP and RFP creates a useful tool to study transcriptional dynamics, even in fixed samples. To facilitate this, we generated a multicistronic reporter containing both edGFP and RFP connected by the "self-cleaving" 2A peptide 38 , edGFP-2A-RFP, which we refer to as a transcriptional timer or "TransTimer" (Fig. 4-figure supplement 3a) . Larval optic lobes expressing the transcriptional timer controlled by STAT response element show similar expression pattern as transheterozygous STAT::edGFP and STAT::eRFP, indicating that the multicistronic system is effective ( Fig. 4-figure supplement 3b) .
Destabilization of dGFP depends on protein degradation. Potential changes in the degradation speed of dGFP could affect the intensity of dGFP, which might distort our estimation of the real transcriptional activities. To test this possibility, we generated a TransTimer under the control of the fly Ubiquitin promoter (a constitutively active promoter in most fly tissues). Ubi::edGFP-2A-RFP shows no significant variation in the green and red ratios in fly embryos or the larval brain ( Fig. 4-figure supplement 3c ). In addition, under control of other constitutive promoters, TransTimer also shows a relatively stable ratio between the two colors in different tissues (Supplementary Table 2 ), suggesting that changes in the FP ratios observed with TransTimer are primarily due to changes in transcriptional activity in the tested tissues, not cell type or tissue-specific differences in protein degradation. However, for specific organ or developmental stage, a control with a constitutive promoter for protein degradation changes is advisory.
Generation of a transcriptional timer for use with the UAS/Gal4 system. Creating a TransTimer
reporter for new signaling or target genes requires cloning of different signal response elements.
Meanwhile, several large transgenic collections (up to several thousands) of Gal4 lines under the control of enhancers of different genes have been generated [39] [40] [41] . A TransTimer controlled by UAS would provide a quick way to test expression dynamics of Gal4 lines using a simple genetic cross (Fig. 5a ). Thus, we generated UAS::TransTimer transgenic flies and tested the UAS-controlled version in the adult Drosophila gut. TransTimer under control of esg-Gal4, a fly intestinal stem cells (ISCs) and enteroblasts (EBs) driver 42, 43 , revealed particular cells within the stem cell group that turned "red," distinguishing them from other "yellow" stem cells (Fig. 5b) . Further analysis of these "red" cells showed that they downregulate esg expression and up-regulate the enteroendocrine cell marker Prospero (Pros), suggesting that they are differentiating ( Fig. 5-figure supplement 1a) . In addition, the esg-controlled TransTimer shows significantly more dynamics in the developing intestine and regenerating intestine following Bleomycin treatment (a DNA damaging agent) 44 , consistent with the different level of activity of stem cells under these conditions (Fig. 5b, Fig.5-figure supplement 1b) .
Next, we used TransTimer to examine the cell heterogeneity of different intestine tumors. In ISC tumors induced by knocking down O-fut1, an enzyme required for Notch maturation 42, 43 , the regular GFP reporter showed only a moderate variation of the stem cell marker esg. By contrast, TransTimer revealed an evident decrease of dGFP compared to RFP in ~70%-60% of the cells in the cluster, suggesting that a substantial heterogeneity in the tumor is caused by down-regulation of esg over time 45 (Fig 5b) . Tumors generated by knocking down either Delta, the ligand of Notch receptor, or Domeless (Dome), the transmembrane receptor of JAK/STAT signaling pathway, grow into a similar multilayered cell cluster ( showed clear dynamic activities (substantial variation in dGFP/RFP ratio) in either larval brain, imaginal disc, or adult intestine (Fig. 6a, Supplementary Table 1 ), whereas the remaining Gal4s showed essentially uniform dGFP/RFP ratios, suggesting stable expression (images of representative control Gal4 lines are shown in Supplementary Table 2) . Among the genes with dynamic expression patterns, we discovered the mechanosensitive channel Piezo, which is expressed in the posterior midgut specifically in EE precursor cells 48 . TransTimer driven by Piezo-Gal4 displays a spatially dynamic expression pattern (separation between the "green" and "red" signals) (Fig. 6b) . In addition, the "red" cells, which downregulate Piezo expression, are positive for the EE cell marker Pros, consistent with the results of our previous study showing that Piezo+ cells differentiate into EE cells (Fig. 6c) . In addition to Piezo, we also identified new uncharacterized genes with dynamic expression patterns in a subpopulation of esg+ cells (Fig. 6d, Fig. 6e ). Further studies of these genes will be required to determine whether they are markers of partially differentiated cells like Piezo or if their expression levels oscillate in the stem cells.
We also generated transgenic flies with TransTimer controlled by a minimal promoter that is silent unless activated by nearby enhancers and randomly mobilized the transgene in the fly genome to identify endogenous enhancers with dynamic activities (Fig. 7a, Fig. 7-figure supplement 1) . After screening ~400 independent enhancer trap lines, we identified 46 unique lines that showed fluorescent signals in the larval brain, imaginal disc, or adult intestine. 17 of these 46 lines show clear expression dynamics, suggesting that TransTimer can detect expression changes at endogenous levels (Fig 7b, Fig. 7 CG30159, also shows specific expression in both larval and adult intestine stem cells (Fig. 7d) , which is very similar with the expression pattern revealed by TransTimer (Fig. 7b) . Knocking down CG30159 significantly reduces stem cell numbers, suggesting that CG30159 is required for maintenance of intestinal stem cell (Fig. 7e,f) . The human homolog of CG30159 is C3orf33, which has been identified as a regulator of the extracellular signal-regulated kinase (ERK) and predicted to be a secreted peptide due to the presence of signal peptide at its N-terminus 49 . Its function in intestinal stem cells requires further investigation.
As we have shown above, the enhancer trap screen with TransTimer can effectively detect expression dynamics in vivo. However, this screen can only detect gene expression and cannot be used to manipulate the target cell population. To extend the application of TransTimer, we replaced the RFP with lexA, a yeast transcriptional factor used as a binary expression system together with its binding sequence lexA operator (lexAop) 50 . This dGFP-P2A-lexA construct can not only detect expression dynamics when crossed with lexAop-RFP but also manipulate gene expression in labeled cells in the presence of an additional lexAOP-controlled transgene (Fig. 7g) . We refer to dGFP-P2A-lexA as "TransTimerLex". To test the feasibility of this strategy, we generated transgenic flies containing the TransTimerLex insertion and randomly mobilized the element in the fly genome. From our pilot screen (~20 independent lines), we identified one insertion under control of Larp, a transcriptional factor, which shows clear expression dynamics in the larval intestine (Fig. 7h) . This result suggests that the TransTimeLex system will be a useful way to both identify new genes and manipulate gene expression in the corresponding cells.
Concluding Remarks
In this study, we described a general and straightforward strategy to use destabilized transcriptional reporters in vivo and demonstrated its power in revealing the spatio-temporal dynamics of gene expression, which is missed by conventional transcriptional reporters. In addition, we generated a dualcolor TransTimer that encodes the transcriptional dynamics into a green-to-red color ratio which can be analyzed in fixed tissues. This TransTimer provides a unique opportunity for large-scale screens for in vivo expression dynamics in all types of tissues. Further, our study indicates that TransTimer is effective for the discovery of new genes with interesting expression patterns, either using a candidate gene approach or random genome-wide screening. Although we only tested this strategy in Drosophila, there is no major technical limitation to adapt it to other organisms. Therefore, we expect that this new method will widely facilitate studies in Drosophila and other organisms. 
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Materials and methods
Molecular Biology
cDNAs of sfGFP and TagRFP, codon optimized for Drosophila, were a kind gift from Dr. Hugo Bellen 17 .
HSPmini-IVS-p21 and p10 were amplified by PCR from pJFRC81 (Addgene) 23 . MODC sequence was from pBPhsFlp2::PEST vector (Addgene) 51 . Extraction Kits (QIAGEN), respectively. In-fusion cloning and Gateway cloning were performed using
In-Fusion HD Liquid Kits (Clontech), and BP and LR Clonase Enzyme Mixes (ThermoFisher Scientific).
All cloning experiments were verified by DNA sequencing. Cloning details and DNA sequences are shown in Supplementary Data 1.
Drosophila Genetics
The following fly lines were obtained from the Bloomington Drosophila Stock Center: Delta2-3(99B) 54 . Images were acquired using a LI-COR Odyssey Classic imager and analyzed using NIH ImageJ.
Gal4 (BL66861), CG10283-Gal4 (BL76152), CG33964-Gal4 (BL76742), and dMef2-Gal4 (BL27390).
NP1176-Gal4 was from DGRC (Kyoto Stock Center
Generation and test of enhancer trap lines using dynamic enhancers
Dynamic reporters were integrated into the fly genome using P-element mediated transformation by injection into w1118 embryos 55 . Transgenic lines were balanced and mapped using w*; Sco/CyO; MKRS/TM6B. Then, 6 independent lines were generated by crossing with w*;Sp/CyO; Sb,P(Delta2-
3)99B/TM6B,Tb+ (BL3629). Males from the F1 generation with red eyes and carrying the CyO balancer
were further crossed individually with w1118 females. F2 males with red eyes that co-segregate with the CyO balancer were used in the initial screen.
Detailed crosses for the enhancer screen are shown in Supplementary Fig. 6a . ~400 fly lines were recovered from the F2 generation. 3rd instar larval brains, imaginal discs, and adult intestines of these flies were dissected and examined for GFP and RFP signal using a Zeiss LSM 780 confocal microscope.
P-element insertion sites were mapped by Splinkerette PCR 56 . PCR primers specific for 5 and 3 prime ends of P-elements were used as previously described 57 . Genomic sequences flanking the P-element insertion sites were recovered and shown in Supplementary Data 2. These sequences were used in BLAST searches against the Drosophila Genome Database.
Immunostaining
Immunostainings of Drosophila intestines were performed as previously described 
Modeling of FP production, maturation, and degradation.
The model used to calculate reporter synthesis, maturation, and degradation was modified from previously described equations 58 Fig. 1-figure supplement b, equations 1-3) , which considers the potential saturation of the degradation machinery. When the substrate concentration is significantly smaller than the Michaelis constant Km, the equations can be simplified with the half-life of the mRNA and protein explicitly displayed (Fig. 1-figure supplement b, equations 1'-3' ). Dilution by cell division is not included in this model because the fluorescent signal is analyzed in a cell cluster rather than in individual cells, and cell division does not affect the total intensity from the entire cell group and no significant changes in degradation speed have been observed between different cells (Fig. 3 figure supplement 1) .
With this first-order kinetic model, the transcriptional activity of the promoter F(x) can be calculated 
Live-cell imaging and data analysis
Live-cell imaging of developing embryos and dissected larval brains was performed as previously Protein half-life (Tp1/2) was measured using western blot after cycloheximide (100 μg/ml) treatment to block protein synthesis (in yellow cells). Regular GFP, RFP or GFP-PEST fused with His2A is too stable to be reliably estimated within the 5 hr treatment period. 
